The kidney is comprised of nephrons -epithelial tubes with specialized segments that reabsorb and secrete solutes, perform osmoregulation, and produce urine. Different nephron segments exhibit unique combinations of ion channels, transporter proteins, and cell junction proteins that govern permeability between neighboring cells. The zebrafish pronephros is a valuable model to study the mechanisms of vertebrate nephrogenesis, but many basic features of segment gene expression in renal progenitors and mature nephrons have not been characterized. Here, we analyzed the temporal and spatial expression pattern of tight junction components during zebrafish kidney ontogeny. During nephrogenesis, renal progenitors show discrete expression domains of claudin (cldn) 15a, cldn8, occludin (ocln) a, oclnb, tight junction protein (tjp) 2a, tjp2b, and tjp3. Interestingly, transcripts encoding these genes exhibit dynamic spatiotemporal domains during the time when pronephros segment domains are established. These data provide a useful gene expression map of cell junction components during zebrafish nephrogenesis. As such, this information complements the existing molecular map of nephron segment characteristics, and can be used to characterize kidney development mutants as well as various disease models, in addition to aiding in the elucidation of mechanisms governing epithelial regeneration after acute nephron injury.
The kidney is comprised of specialized epithelial tubules termed nephrons that perform important homeostatic tasks including, but not limited to, the reabsorption of nutrients, water balance, and urine production. Vertebrate nephrons are commonly made up of three different functional parts: a blood filter, tubule, and duct (Reimschuessel, 2001; Saxen, 1987) . The filter is specialized to collect plasma from the blood, which is then funneled into the tubule . The nephron tubule is regionalized into a series of proximal and distal segments that accomplish the discrete and complex tasks of modifying the filtrate to recover or secrete macromolecules ranging from metabolites to electrolytes . The different tubule segments exhibit unique combinations of ion channels and transporter proteins, allowing them to facilitate the intracellular uptake and secretion of solutes (Reilly et al., 2007) . Additionally, the success of the kidney is contingent on the ability of the nephron tubule to control and block the paracellular movement of molecules, enabling the precise regulation and containment of nephron contents (Denker and Sabath, 2011) . Nephron cells are thus also characterized by the components of these specialized cell-to-cell junctions. Furthermore, the important functions of these factors in renal physiology are emphasized by the association between various chronic renal disease conditions and abnormal epithelial cell junction formation (Balkovetz, 2009; Hou et al., 2013) .
The zebrafish pronephros, or embryonic kidney, is a useful model to study nephron biology because it contains nephrons that have a conserved structure with those of other vertebrates, such as amphibians and mammals (Wingert and Davidson, 2008) . Studies of zebrafish nephron segment patterning, morphogenesis, and physiology have emerged as powerful research areas that are applicable to human nephrology (Ebarasi et al., 2011; Gerlach and Wingert, 2013) . During zebrafish pronephros formation, bilateral stripes of renal progenitors emerge from the intermediate mesoderm (IM) (Drummond et al., 1998) . Over the first day of development, these renal progenitors undergo patterning events that fashion them into parallel nephrons (refer to Fig. 6 ) (Wingert et al., 2007) , and undergo a mesenchymal to epithelial transition (MET) to become epithelial tubules (Gerlach and Wingert, 2014) . The nephrons join rostrally to form a common blood filter (also known as a glomerulus), comprised of renal podocyte (P) cells and a capillary tuft, that is connected to tubules, comprised of the following segments: neck (N), proximal convoluted and straight tubules (PCT, PST), corpuscles of Stannius (CS), and the distal early and late (DE, DL) tubules (Wingert et al., 2007) . The nephrons drain into pronephric ducts (PD) that fuse caudally at the cloaca (C), where waste is finally excreted (Wingert et al., 2007) . During pronephric development, the renal progenitors undergo highly dynamic alterations in the spatiotemporal expression domains of transcription factors, leading to the emergence of the aforementioned segments Serluca and Fishman, 2001; Wingert and Davidson, 2011; Wingert et al., 2007) . Comparative analysis of solute gene expression profiles among zebrafish, amphibian, mouse, and human nephrons has demonstrated that segment characteristics are well conserved across these vertebrate species (Wingert and Davidson, 2008) .
To date, the characterization of gene expression domains in the zebrafish pronephric kidney segments has been largely limited to transcription factors during nephron patterning and solute transporters at the time points when discrete nephron segments have formed Marra and Wingert, 2014; Miceli et al., 2014; Naylor et al., 2013; O'Brien et al., 2011; Wingert and Davidson, 2011; Wingert et al., 2007) . However, vertebrate nephron functionality is crucially contingent on the aforementioned cell-cell interactions that create tight or leaky attachments between adjacent epithelial cells (Balkovetz, 2006; Denker and Sabath, 2011) . This permeability between neighboring nephron cells is governed by interactions between specific proteins that comprise their tight junctions (Balkovetz, 2006; Denker and Sabath, 2011) . Annotating the regional differences in tight junction gene expression is integral to understanding the molecular characteristics of the zebrafish kidney, and ultimately its physiology.
Tight junctions are located near the apical surface and consist of a cytoplasmic plaque of proteins as well as intracellular protein fibers (Cereijido et al., 2008; Gonzalez-Mariscal et al., 2007) . Across vertebrate tissues, the expression of discrete tight junction components establishes unique properties for various cell types. The cytoplasmic plaque contains the tight junction proteins (TJ; also known as zona occludens (ZO)), which function to link the complex with the cytoskeletal network. Additional proteins found in these junctions include the Occludins (Ocln), a family of tetraspan membrane proteins, and the Claudins (Cldn), a second distinct family of tetraspan membrane proteins. Ocln proteins, which have been found to be non-essential for the formation of tight junctions, influence paracellular permeability by increasing trans-epithelial resistance (TER) between adjacent cells. Cldns, on the other hand, are essential for tight junction formation, and are primarily responsible for regulating the paracelluallar permeability properties of epithelia. Generally, vertebrates possess over 20 Cldn gene family members (Günzel and Fromm, 2012; Hewitt et al., 2006) , and these have been greatly increased in the genomes of teleost fishes, where some species possess over 50 Cldn genes (Kolosov et al., 2013) . The barrier function that these two protein families contribute to the kidney is essential for its function, and several renal diseases have been associated with mutations in their members (Balkovetz, 2009) . Another critical role that tight junctions perform is the maintenance of cell polarity through a so-called fence function, in which they prohibit apical protein complexes from diffusing into the basolateral region and vice versa (Cereijido et al., 2008; Gonzalez-Mariscal et al., 2007) . Through their links to the cytoskeleton, junctional complexes help to regulate its organization and functional activities (Fanning et al., 2011) . Further, epithelial cell function is modulated by signaling pathways that phosphorylate various tight junction components, situating the tight junction as an assemblage of dynamic elements that significantly influence cell phenotype in both health and disease states (Gonzalez-Mariscal et al., 2008) .
Interestingly, genes encoding intercellular junctional proteins, such as Cldns, are known to be regionally expressed in the mammalian kidney, such that TER is increased along the proximodistal length of each nephron (Denker and Sabath, 2011) . Whether zebrafish nephrons exhibit analogous regional expression patterns of tight junction genes has not yet been established. Since the simple embryonic kidney of the zebrafish is an advantageous model for nephrology research, it is important to delineate tight junction expression across renal cell types. Previous work by Keiner et al. (2007) has documented the expression pattern of several tjp genes throughout tissues of the whole zebrafish embryo during ontogeny. However, sparse information was gathered regarding the expression of these genes within the pronephros, and other tight junction components were not examined. In this study, we performed a detailed analysis of the transcript localization of these tjp genes and other junctional components in the developing zebrafish pronephros using whole mount in situ hybridization (WISH). We found that zebrafish renal progenitors exhibit dynamic alterations in tight junction gene expression. Furthermore, tight junction genes show an overlapping, nested arrangement in developing nephrons, such that distal nephron regions express the greatest number of factors. With these data, we have thus characterized a spatiotemporal map of zebrafish tjp, ocln, and cldn gene expression domains during nephrogenesis. Overall, these findings provide a useful addition to the current catalogue of nephron segment characteristics in the zebrafish and can be used to further the understanding of renal physiology.
Results and Discussion

Overview of tight junction genes and pronephros expression analysis
Vertebrate nephrons are characterized by the regional expression of tight junction components which enables relatively leaky proximal tubule segments to reabsorb solutes readily, while distal tubule segments tightly regulate solute movement in order to finetune salt and electrolyte levels in the body (Denker and Sabath, 2011) . Regional and/or graded expression of Cldn and Occludin genes typifies mammalian nephrons (Denker and Sabath, 2011) . Interestingly, previous gene expression analysis has demonstrated that at two tjp genes, tjp2a and tjp3, are expressed in the distal pronephros (Keiner et al., 2007) .
To examine whether zebrafish nephrons exhibit a conserved regional distribution of tight junction genes during nephrogenesis, we performed time course studies to examine the expression domains of these genes as well as other tight junction genes annotated in the zebrafish genome. We implemented a modified WISH method which incorporates the use of dextran sulfate to analyze the renal expression of claudin (cldn) 15a, cldn8, occludin (ocln) a, oclnb, and tight junction protein (tjp) 1a, 1b, 2a, 2b , and 3, as described in the following sections. To precisely map each gene expression domain in the developing pronephros, we utilized a double WISH approach previously established by our lab that uses a riboprobe to label slow myosin heavy chain 1 (smyhc1) to demarcate the embryonic somites located adjacent to the nephron territory Wingert and Davidson, 2011; Wingert et al., 2007) . This method enables each gene expression domain to be compared to the eventual location of the various pronephric tubule and duct segments. Of note, the renal progenitors emerge from the intermediate mesoderm, and maintain a mesenchymal character until the 20-22 somite stage (ss), at which time they undergo MET, thereby forming tubules (Gerlach and Wingert, 2014) . By the 28 ss (approximately 1 day post fertilization (dpf)), discrete segment boundaries are defined based on an expression signature that consists of numerous solute transporter genes (Wingert et al., 2007) . At the 28 ss, the nephron segments occupy the following positions: the neck is located adjacent to somite 4, the PCT is located adjacent to somites 5-8, the PST is located next to somites 9-11, the DE is located next to somites 12-13, the DL and PD share partially overlapping domains located at somites 15-18, the CS is located at somite 15, and the C is located at somite 18 (refer to Fig. 6 ) (Wingert et al., 2007) .
Expression of tjp transcripts during nephrogenesis
First, we analyzed the expression of tjp gene transcripts using WISH at the 16, 18, 20, 22, 26 , and 28 ss as well as the 36 and 48 hours post fertilization (hpf) time points, and found that tjp2a, tjp2b and tjp3 were all expressed in the pronephros (Fig. 1 , Appendix: Supplementary Table S1, Appendix: Supplementary Fig. S1 ). Expression of tjp1a and tjp1b was not localized to the renal progenitors or pronephros at any of these developmental stages (data not shown). In contrast, transcripts encoding tjp2a were first present in the IM at the 18 ss, with expression confined to renal progenitors located adjacent to somites 9-18 ( Fig. 1) . Expression of tjp2a was maintained in this region through the 22 ss, and then showed an expanded domain at the 26 ss, when the entire length of the nephron tubule expressed this transcript (Fig. 1) . By the 28 ss, the expression of tjp2a was reduced in the proximal tubule, in the region located adjacent to somites 4-11, while the distal tubule maintained expression in the region adjacent to somites 12-18 ( Fig. 1) . By 36 hpf, the tjp2a transcript was only detected in the distal regions of the pronephros, and the intensity was reduced greatly by 48 hpf (Fig. 1) .
Analysis of tjp2b transcripts in the developing pronephros revealed a dynamic expression pattern similar to the pattern of tjp2a expression. tjp2b was first detected at the 18 ss in renal progenitors located adjacent to somites 9-18 (Fig. 1) . The tjp2b expression domain expanded at the 20 ss, with transcripts detected in the entire length of the renal progenitor field, and was maintained between the 22-28 ss when tubulogenesis has occurred (Fig. 1) . At 36 hpf, tjp2b transcripts were weakly expressed in the distal tubule and PD, but by 48 hpf, low levels of tjp2b transcripts were detected throughout the pronephros (Fig. 1) .
In contrast to tjp2a and tjp2b, transcripts encoding tjp3 exhibited strong expression as early as the 16 ss, with expression occurring throughout the entire developing pronephros (Fig. 1) . tjp3 transcripts were highly expressed in the distal renal progenitors starting at somite 12 through to the terminus of the yolk sac extension, and were weakly expressed in the renal progenitors located next to somites 4-12 (Fig. 1) . Proximal expression of the tjp3 transcript increased in intensity between 18-22 ss, such that strong levels were detected along the entire pronephros tubule by the 22 ss (Fig. 1 ).
Commensurate expression continued throughout the tubule with a reduction in intensity occurring post 28 somites, and a reduction to the distal regions of the pronephros occurred by 36 and 48 hpf (Fig. 1 ).
Expression of ocln transcripts during nephrogenesis
Next, we investigated the expression patterns of two occludins, occludin a (oclna) and occludin b (oclnb). The presence of these genes in the pronephros has been annotated at the 19-25 ss (Thisse and Thisse, 2004) , but prior and subsequent time points were not reported. Thus, we examined the spatial domains of these transcripts in the developing pronephros between the 5 ss through 36 hpf stages (Fig. 2, data not shown) . Renal expression of both ocln transcripts was first detected in a small region of cells at the caudal-most region of the yolk sac extension at 16-18 ss (Fig. 2) . By the 20 ss, oclna transcripts were present throughout the renal progenitors located adjacent to somites 4-18, with the strongest intensity in cells located in the DL and PD regions adjacent to somites 17-18 (Fig. 2) . By the 22 ss, proximal expression of oclna began to diminish, while expression in the distal regions remained strong (Fig. 2) . By the 28 ss, expression was absent from all regions of the pronephros except the DL, where faint expression levels were detected, and the PD and cloacal regions where strong levels were observed (Fig. 2) . By 36 hpf, oclna transcript was absent from the pronephros tubule and confined to the terminus of the PD where the cloaca is located (Fig. 2) .
The oclnb transcript first appeared at the 20 ss as well; however, its expression never expanded outside of the distal-most regions of the renal progenitor fields and the subsequent pronephros tubules (Fig. 2) . Even so, oclnb did exhibit stronger DL and PD expression at the 22 ss until the 28 ss, with high levels of transcripts detected adjacent to somites 14-18 (Fig. 2) . Similar to the other tight junction gene transcripts examined, oclnb was down regulated after the 28 ss, with only very weak expression occurring by 36 hpf (Fig. 2) .
Expression of cldn transcripts during nephrogenesis
In mammals, the expression domains of Cldns 1-4, Cldns 6-11, and Cldns 14-16, are restricted to one or several nephron segments (Denker and Sabath, 2011) . To determine whether this gene signature is conserved in zebrafish, we surveyed the literature and the Zebrafish Information Network database for the existence of zebrafish orthologues. From this we found that cDNA clones were available for zebrafish cldn1, 2, 7, 8, 10, 11, 15a and 15b (Kollmar et al., 2001) . WISH was performed using antisense riboprobes to examine whether this particular panel of cldn genes was expressed in the zebrafish pronephros between the 24-28 ss (data not shown). Of these, only transcripts encoding cldn15a and cldn8 were observed in the nephron. Thus, we proceeded to further characterize the temporal and spatial dynamics of these two cldn genes during nephrogenesis.
Interrogation of the cldn15a and cldn8 transcripts revealed a dynamic, overlapping expression pattern during the course of pronephros formation (Figs 3-5) . cldn15a was strongly expressed in renal progenitors at the 16 ss throughout the proximal region, in a domain adjacent to somites 4-8, and was expressed at low levels in renal progenitors adjacent to somites 9-11, which is where the PST will eventually emerge (Fig. 3) . Additionally, cldn15a transcripts were expressed in the primitive blood islands that constitute an intermediate cell mass (ICM) (Wingert and Zon, 2006) at 16 ss and until 22 ss, which can be distinguished from the renal progenitors because they are situated at the midline (see dorsal views, Fig. 3) . By the 24-26 ss, cldn15a transcripts were maintained in the proximal regions adjacent to somites 4-11, with higher levels in the domain adjacent to somites 4-8 (Fig. 3) . After the 26 ss, a reduction in the presence of cldn15a transcripts was seen in the proximal pronephros, but was nonetheless maintained (Fig. 3) . At 36 and 48 hpf, cldn15a transcripts in the proximal tubule were distinguished from the concomitant expression of this gene throughout the gastrointestinal tract (Fig. 3) .
As seen with cldn15a, transcripts encoding cldn8 were present in renal progenitors at the 16 ss, but were localized to the distal regions of the developing pronephros (Fig. 4) . Furthermore, cldn8 transcripts were found in renal progenitors located adjacent to somites 9-18 (Fig. 4) . Between 18-22 ss, the intensity of cldn8 expression increased in renal progenitors located adjacent to somites 12-18, where the distal segments (DE, DL, PD) later emerge (Fig. 4) . By the 24-26 ss, there was a subsequent decrease of cldn8 expression in renal cells located next to somites 9-12, such that intense cldn8 expression was ultimately localized to the DL-PD segments located between somites 14-18 at this time (Fig. 4) . At 36 and 48 hpf, cldn8 expression was maintained in the DL-PD (Fig. 4) .
Due to the strong expression of cldn15a and cldn8 at the 16 ss stage, we next sought to elucidate the onset of cldn expression in the renal progenitors, and therefore examined developmental stages ranging from the 5-16 ss (Fig. 5, data not shown) . Interestingly, cldn15a transcripts were present at the 5 ss in renal progenitors, and the expression of this gene spread in both proximal and distal directions by the 12-13 ss, and increased in intensity as well (Fig. 5) . Further, we noted that cldn15a transcripts were present in primitive blood ICM precursors at the 12-13 ss, which are situated in parallel stripes adjacent to the renal progenitors, but in a more medial location (Fig. 5) . Finally, cldn8 transcripts were detected in renal progenitors as early as the 12-13 ss in a distal domain located adjacent to somite 9 that extended down the length of the IM field in the embryonic tailbud (Fig. 5) . 
Summary map of spatiotemporal tight junction components in renal progenitors
Here, we have expanded the knowledge of kidney development in the zebrafish embryo by annotating the temporal and spatial expression domains of tight junction components during the process of nephrogenesis. This expression profiling provides useful new insights into the dynamic transcriptional profile of cells within the developing nephron, revealing that tight junction genes are expressed in a series of overlapping domains along the nephron length (Fig. 6) , and add substantial new insights to the initial observations of these genes in the renal progenitors (Keiner et al., 2007; Thisse and Thisse, 2004) . This thorough temporal and spatial map of tight junction gene expression patterns provides both a necessary and important foundation for further study of epithelial cell junction assembly and regulation during zebrafish pronephros development. The expression data compiled in this study provides information relevant not just to future nephrogenesis studies, but can be utilized to study epithelial changes associated with kidney injury, regeneration, and models of renal diseases like polycystic kidney disease (PKD) in zebrafish.
Overlapping, nested domains of tight junction genes and their spatiotemporal dynamics
Nephrons have intricate physiological roles in homeostasis, fulfilling the tasks of filtering the blood, modifying the filtrate to reabsorb nutrients and maintain osmoregularity, and finally excreting the metabolic waste. To precisely conduct and balance these functions, cells within the nephron must control the ability of specific molecules and ions to move from the filtrate back into the body (Balkovetz, 2009 ). This is accomplished by the differential expression of specific intracellular transport proteins in various regions of the nephron, and proper expression and assembly of junctional complexes that govern paracellular permeability (Balkovetz, 2009) .
In the present study, we have identified an overlapping, nested arrangement of tight junction gene expression domains during zebrafish pronephros formation. For example, during the 26-28 ss (which corresponds to approximately 1 dpf), transcripts encoding tjp2a, tjp2b, and tjp3 are expressed throughout the nephrons, while cldn15a and cldn8 are restricted to respective proximal and distal domains (Fig. 6) . At this time, the domains of the DL segment, PD, and C show specific expression of oclna and oclnb (Fig. 6) , with the highest transcript levels within the PD and C regions (Fig. 2) . These observations indicate that segment regional identities along the zebrafish nephron are associated with particular cell junction transcription signatures. Mammalian nephrons similarly possess regionalized cell junction expression along their proximo-distal length, with the expression of various Cldn genes being perhaps the best characterized to date (Denker and Sabath, 2011) . The conserved pattern of solute transporter domains across nephron segments has been recognized among vertebrates, including zebrafish, frogs, and mammals (Wingert and Davidson, 2008) . The data presented in the current study add to this understanding by contributing the new insight that the expression of cell junction components varies regionally across the nephron segments in the zebrafish, illustrating another similarity among higher vertebrates. One interesting example of conservation is the pattern of Cldn8 across vertebrate species. In the mouse nephron, Cldn8 is restricted to the PST, distal tubule and collecting duct (Kiuchi-Saishin et al., 2002; Li et al., 2004) , while in the human nephron, Cldn8 has been colocalized thus far with distal markers (Kirk et al., 2010) . Here, we discovered that the zebrafish orthologue, cldn8, is expressed in the PST and across the distal pronephros segments and duct (Fig. 4) . Future studies examining the expression analysis of other zebrafish cldn genes, for instance, can be performed to further characterize the segmental signature of tight junction components between fish and mammals.
Additionally, through this study we uncovered several unknown aspects of tjp expression in the pronephros. Previous research from Keiner et al. (2007) provided a broad tissue analysis of tjp genes during early zebrafish embryogenesis in which they noted the expression of tjp2a and tjp3 in the distal pronephros at the 18 ss and 1 dpf. However, the extent of the tjp2a and tjp3 pronephric expression domains was not scrutinized, and an analysis of renal tubules at additional developmental time points was not reported. Our examinations provide a detailed spatiotemporal characterization of these genes, and reveal for the first time that tjp2b is concomitantly and robustly expressed during pronephros formation. Deviation in expression patterns between these studies is likely due to different probes being employed in the WISH process (Appendix: Supplementary Fig. S1 ). For the most part, the probes we used to detect various transcripts covered more of the mRNA sequence (Appendix: Supplementary Fig. S1 ). Thus, here we were able to expand on the Keiner et al. (2007) study by documenting the precise induction tjp gene expression between 16-18 ss in distal renal progenitors. Further, we show that the tjp genes are expressed throughout the entire tubule by 1 dpf, and that their expression becomes dramatically restricted to the PD by 2 dpf. In sum, our work documents the onset and progression of tjp2a, tjp2b, and tjp3 expression in renal progenitors during nephrogenesis.
Functions of tight junction components during nephron development and regeneration
As these data provide a gene expression map of the tight junction transcripts present in the different nephron segments during development, they have identified genes useful for future renal development and regeneration research in zebrafish. The establishment of cell junctions is coordinated with the process of tubulogenesis in the mammalian kidney, in which mesenchymal renal progenitors undergo a transition to an epithelial state (Little et al., 2010) . Our findings in this study reveal that the timing of tight junction expression in the zebrafish pronephros likewise correlates with the timing of MET that enables tubulogenesis, such that tight junction genes are expressed prior to lumen formation and persisting after a lumen is created at the 20-22 ss (Gerlach and Wingert, 2014) . Further studies to assess the requirements of tight junction gene expression for proper tubulogenesis may provide useful insights into this process. Furthermore, after pronephros formation at 1 dpf, the nephrons undergo morphogenesis events to create a coiled PCT (Drummond et al., 1998; Wingert et al., 2007) that involve both distal tubule proliferation and collective cell migration (Vasilyev et al., 2009) . How cell junction components play a role in these morphogenesis events has not been characterized, but may provide valuable mechanistic insights. In addition, an analysis of these tight junction genes can be used to help characterize the developmental defects in genetic kidney mutants, such as those that form cysts and/or distended epithelial tubules (Drummond et al., 1998) .
Future studies assaying the expression patterns of the proteins constituting the tight junction after chemical or mechanical insult can also be used to elucidate the cellular mechanisms participating in regeneration after acute kidney injury (AKI), a condition that occurs when there is a sudden loss of renal function due to catastrophic nephron damage, typically in the tubule epithelium (Li and Wingert, 2013; McCampbell and Wingert, 2012) . How the regenerated tubule epithelium is formed, including the establishment of tight junctions in these cells, will be important to understand, both to appreciate in vivo mechanisms and to elucidate new therapeutic applications such as the emerging science of in vitro renal cell reprogramming (Morales and Wingert, 2014) . Both the zebrafish embryonic and adult kidney are useful models for research about renal injury and regeneration (Diep et al., 2011; Gerlach et al., 2011; Hellman et al., 2010; Hentschel et al., 2005; Huang et al., 2013; Johnson et al., 2011; Zhou and Hildebrandt, 2012; Zhou et al., 2010) . In particular, adult zebrafish possess a high capacity for renal regeneration after AKI in the nephron tubule (Diep et al., 2011; Zhou et al., 2010) . Within just two weeks following widespread proximal tubule damage due to the nephrotoxin gentamicin, the adult kidney regenerates injured tubular epithelia and undergoes the formation of new nephrons (termed neonephrogenesis) from renal progenitors located throughout the kidney. Thus, the zebrafish provides an excellent research system in which to study both nephron regeneration and de novo nephron formation. The identification of genes that encode renal epithelial junctional components can be used to further characterize both of these regenerative events.
Taken together, this study has identified a cohort of genes expressed in developing renal progenitors, providing a framework for ongoing nephrogenesis studies in the zebrafish embryo, and for applications in adult nephron regeneration studies. The tractability of zebrafish for genetic studies Lawson and Wolfe, 2011) including chemical genetics (Poureetezadi and Wingert, 2013) , in particular, makes this model especially appealing for future renal development and regeneration research. The conservation of kidney composition between fish and higher vertebrates, further demonstrated here by regionalized tight junction expression across nephron segments, provides encouragement that zebrafish research may provide important insights about these processes in humans.
Materials and methods
Zebrafish husbandry and the staging, collection, and processing of embryos and adult kidneys
Zebrafish were maintained in the Center for Zebrafish Research at the University of Notre Dame Freimann Life Science Center.
All studies were performed with approval of the Institutional Animal Care and Use Committee (IACUC), Protocol numbers 13-021 and 16-025, and under the supervision of our Veterinarian, Dr. Mark Suckow. Adult zebrafish husbandry was performed as described (Westerfield, 2007) . Wild-type embryos were raised and staged as described (Kimmel et al., 1995) . Once the embryos reached the desired stage, they were dechorionated either manually (pre-18 ss) or with pronase, anesthetized with 0.2% tricaine pH 7.0, then fixed in 4% paraformaldehyde (PFA) overnight at 4°C. The next day embryos were washed twice in 1× phosphate buffered saline with 0.1% Tween-20 (Pbst) and placed in 100% methanol (MeOH) for 30 minutes at −20°C. Embryos were rehydrated with successive washes of 50% MeOH/1× Pbst, then 30% MeOH/1× Pbst, followed by two washes in Pbst. Individuals at stages older than 26 ss were bleached, rinsed with 1× Pbst, and placed in 4% PFA at room temperature for a one hour incubation. Embryos were treated with proteinase K based on their developmental stage as follows: 16-20 ss for 3 minutes; 22-28 ss for 4 minutes; 36 hpf for 5 minutes; 48 hpf for 6 minutes. Embryos were then washed twice in 1× Pbst, fixed in 4% PFA for 20 minutes at room temperature, transferred into hybridization solution (HYB+; 50% formamide, 5X SSC, 0.1% Tween-20, 5 mg/mL yeast torula RNA, 50 ug/ul heparin, 5% dextran sulfate), and stored at −20°C.
Whole mount in situ hybridization (WISH) of zebrafish embryos and adult kidneys
WISH was performed on fixed samples as previously described, but with the addition of dextran sulfate to hybridization solutions Galloway et al., 2008; Lengerke et al., 2011; Wingert et al., 2007) . Refer to Appendix: Supplementary  Table S1 for gene IMAGE clones and primer sequences used to synthesize DNA templates for riboprobe production. In brief, embryos were transferred to flat-bottom microcentrifuge tubes containing 800 μL of pre-warmed HYB+ and incubated for 4 hours at 70°C. During this incubation, probes were prepared by diluting RNA antisense stocks in HYB+ to 100-500 ng/500 μL. Following a 4-hour incubation, the HYB+ was drawn off with a pipette and replaced with the HYB+ containing probe. The next day, the HYB+/probe was removed and samples were processed through two 30 minute 50% formamide/2× saline-sodium-citrate buffer with 0.1 Tween-20 (SSCT), a 15 minute wash in 2× SSCT, two 0.2× SSCT washes each being 30 minutes in duration, and then two 5-minute maleic acid buffer with 0.1% Tween-20 (MABT) washes. Following the MABT washes, embryos were treated with block solution for 4 hours at room temperature. The block solution was decanted and replaced with DIG antibody diluted 1:5000 in block. Samples were covered with aluminum foil to protect the antibody from light. After an overnight incubation at 4°C, embryos were taken through 10-15 MABT washes, a single wash in staining buffer and then placed in BCIP/NBT staining solution. After sufficient color development, embryos were washed twice in 1× Pbst, twice for 15 minutes in 0.1 M glycine pH 2.2, then washed twice for 15 minutes in MABT. Embryos were subsequently treated with block for 30-60 minutes at room temperature, and transferred for overnight incubation at 4°C into FLUOR antibody diluted 1:5000 in block. This incubation was followed with five 15 minute MABT washes, a brief wash in staining buffer before embryos were transferred to BCIP/INT substrate solution. Again, after sufficient color development, embryos were washed twice in 1× Pbst and fixed with 4% PFA. Embryos were stored in fixative at 4°C until imaging was performed. Images were acquired with a Nikon Digital Sight DS-Fi1 on a Nikon eclipse 80i and utilizing Nikon elements software. Embryos were flat mounted as described .
